Reward-related circuits are fundamental for initiating feeding on the basis of food-predicting cues, whereas gustatory circuits are believed to be involved in the evaluation of food during consumption. However, accumulating evidence challenges such a rigid separation. The insular cortex (IC), an area largely studied in rodents for its role in taste processing, is involved in representing anticipatory cues. Although IC responses to anticipatory cues are well established, the role of IC cue-related activity in mediating feeding behaviors is poorly understood. Here, we examined the involvement of the IC in the expression of cue-triggered food approach in mice trained with a Pavlovian conditioning paradigm. We observed a significant change in neuronal firing during presentation of the cue. Pharmacological silencing of the IC inhibited food port approach. Such a behavior could be recapitulated by temporally selective inactivation during the cue. These findings represent the first evidence, to our knowledge, that cue-evoked neuronal activity in the mouse IC modulates behavioral output, and demonstrate a causal link between cue responses and feeding behaviors.
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insular cortex | reward | anticipation | cue | learning I n natural environments, animals use sensory information from various sources to predict the availability of food (1) (2) (3) . Repeated pairings of a neutral stimulus with the availability of food leads to the formation of associations. Upon association, foodpredicting cues become capable of triggering the expectation of food. These expectations drive motivation for food seeking and food consumption (4) (5) (6) . It is generally believed that cues drive behavior by activating reward-related circuits responsible for coordinating food seeking and food consumption. A large body of evidence shows that regions like the amygdala, ventral striatum, orbitofrontal and prefrontal cortices, and ventral tegmental area can be activated by anticipatory cues (7) (8) (9) (10) (11) (12) . Although the reward circuitry involved in cue-triggered, food-related behaviors has been extensively studied, relatively little attention has been devoted to the role of sensory cortical areas in this process. The insular cortex (IC), for instance, has traditionally been studied for its role in the consummatory and postconsummatory phases of feeding (13) (14) (15) (16) (17) . Neuronal ensembles in the IC are involved in taste processing and learning (18) (19) (20) (21) , and IC function is believed to be limited to the evaluative and sensory aspects of food consumption (22, 23) . More recent evidence, however, has suggested that the IC can also be involved in processing cues associated with food availability or delivery of addictive drugs (24) (25) (26) (27) (28) . The presence of neurons that encode for both anticipatory cues and taste suggests a functional integration of reward and expectation processing. The prediction emerging from these studies is that manipulations of IC anticipatory activity might have an impact on food-directed and, in general, reward-directed behaviors. Although pharmacological manipulations of the IC have been shown to have an impact on reward-guided behaviors, no study to date has focused directly on the role of IC cue-related activity in driving those behaviors.
Here, we examined the hypothesis that IC neuronal activity triggered by food-predictive cues modulates behavioral responses to obtain food. Mice were trained in a Pavlovian learning paradigm in which a sensory cue anticipates the delivery of a food pellet. Electrophysiological recordings of single units were used to investigate whether IC activity tracked anticipation in this task. Pharmacological and optogenetic inactivation of the IC allowed us to determine the behavioral role of IC's anticipatory activity in mediating food port approach response on presentation of the anticipatory cue.
Results
Conditioned Reward Approach Behavior as an Indicator of Motivation to Food. A classical Pavlovian paradigm was used to induce the anticipation of food in food-restricted mice (Fig. 1A) . A compound visual and auditory cue was associated with the delivery of a food pellet at a receptacle. The cue lasted 11 s, and the pellet was delivered at 10 s. Each session comprised 25 trials, and the intertrial interval (ITI) was variable (45-75 s) such that the animal could not predict the onset of the cue. Mice did not show any response to the cue at the beginning of training; in the first 4 d, the number of food magazine entries during the cue was not significantly different from head entries observed during the ITI. A significant increase in number of entries during cue presentation could be seen after 5 d of training [ Fig. 1B; F (1,14) = 34.11669, P < 1E-4 by repeated measures two-way ANOVA (cue vs. no-cue), P < 0.01 by Bonferroni's multiple comparisons test at the time point of session day 5]. The emergence of a conditioned response indicates that mice acquired the associative Significance Classical studies have been focused on understanding the role of gustatory areas in evaluating the sensory component of taste. However, recent studies have suggested an involvement of gustatory areas, specifically the insular cortex, in guiding behavior on the basis of anticipation of food. At present, however, no causal link between gustatory cortex anticipatory activity and feeding behaviors has been demonstrated. The experiments in this study combine electrophysiological, pharmacological, and optogenetic approaches to establish, for the first time to our knowledge, that cue-evoked activity in the gustatory cortex is necessary to drive food-oriented behaviors. These results demonstrate that the integration between perception and action can occur also in primary sensory areas. This article is a PNAS Direct Submission. and anticipatory value of the sensory cue. Upon learning of the association (i.e., from day 5), mice showed robust head entry responses during cue presentation in each training day (Fig. 1B) . Averaged head entry activity during trials is shown in Fig. 1C . There was a significant effect of averaged head entry activity ( Fig. 1C ; F (19,133) = 9.994012, P < 1E-4 by repeated measures one-way ANOVA). Overall head entry activity was significantly higher than baseline level after 5 s of cue onset (head entry activity in −5 s vs. 5-10 s after onset of the reward-predicting cue, P < 0.05 by Bonferroni's multiple comparisons test).
Neuronal Activity of Mouse IC During Reward-Predicting Cue. Recent studies using rats have shown that neurons in the IC can change their firing in response to auditory cues anticipating the availability of taste (26, 29, 30) . To determine whether IC activity could also be modulated by anticipatory cues in the present experimental conditions, we implanted 14 mice with movable bundles of 8 or 16 electrodes. Recording of single-neuron activity revealed that different phases of a trial could result in significant changes in firing rates relative to precue baseline. Firing rates could either increase or decrease relative to baseline. A total of 35.5% (39 of 110) of the neurons were modulated by the cue (Fig. 2A, Left) , 25.5% (28 of 110) by food delivery (i.e., dropping of the pellet in the last second of the cue; Fig. 2A, Middle) , and 45.5% (50 of 110) by food consumption (Fig. 2A, Right) . Some neurons could be modulated by more than one event [12.7% (14 of 110) for cue and food delivery, 18.2% (20 of 110) for cue and food consumption, 13.6% (15 of 110) for food delivery and consumption, and 7.2% (8 of 110) for all three]. We focused our attention on the group of cue-modulated neurons. Fig. 2A Fig. 2C ] for excitatory responses. Neurons inhibited by the cue showed a reduction of 1.94 ± 0.36 Hz from a baseline firing of 9.67 ± 2.02 Hz (corresponding to an MI of −0.20 ± 0.02; Fig. 2C ). In addition, the peak/trough of cue-evoked activity was computed in the two groups of neurons; peak response was 2.41 ± 1.52 Hz above baseline (corresponding to an MI of 0.16 ± 0.009) for neurons excited by cue. The trough of the response was 3.07 ± 1.73 Hz below baseline (corresponding to an MI of −0.17 ± 0.01) for neurons suppressed by cue. Population activity of cue-modulated neurons did not show strong responses to food delivery or food consumption. This observation suggests that cue modulations do not relate to conditioned mouth movements similar to those mouth movements evoked by food consumption. Fig. 2B shows raster plots and peristimulus time histograms for two representative units. Additional analyses were performed to determine whether cue-related modulations depended on the act of entering the food port. To track head entry behavior, the rate of head entries was computed for each session. On average, the onset of cue responses was significantly faster than the onset of head entry rate increase (0.73 ± 0.07 vs. 1.88 ± 0.16 s; P < 1E-7 by paired t test), suggesting that cue responses preceded the increase of head entry rate. To investigate the potential contribution of head entries to cue-related modulation further, we compared spiking activity before and after head entries, during both cue and ITI. We applied an unbalanced two-way ANOVA to investigate modulations related to cue, head entries, and the interaction of the two. This analysis revealed that of 110 neurons, 51 showed modulation due to cue, 21 showed modulation by head entries (11 overlapped with the previous category), and only 2 showed a significant interaction term (P < 0.05). Then, we focused on the group that showed head entry-related modulation (n = 21), and we computed an MI. The absolute MI, a measure of modulation strength, was significantly larger for head entries performed during the cue compared with head entries performed during the ITI (0.11 ± 0.01 vs. 0.05 ± 0.01; P < 1E-6 by paired t test). This result suggests that the cue enhances the head entry-related modulation (if there was any). To support further the evidence that cues are influencing neural activity regardless of head entry, we computed the Fano factor (a measure of neural variability) around head entries during the cue and during the Learning of cue-food association and development of food magazine approach behavior. Mean (± SEM) head entry activity across sessions for eight subjects is shown. Head entry activity during the cue presentation period (○) and head entry during the ITI (■) are shown. The x axis represents training days, and the y axis represents averaged head entry activity. (C) Mean (± SEM) head entry activity during the prepresentation, cue presentation, and postpresentation periods (n = 8). Each dot represents the cumulated number of head entries observed in one session. The x axis represents seconds from the onset of the cue, and the y axis represents averaged head entry activity. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. ITI. The Fano factor was significantly smaller when the animal entered the port during the cue, relative to ITI entries (1.44 ± 0.8 vs. 1.63 ± 0.06; P < 1E-3 by paired t test), implying that cues reduced the variability of neural activity preceding head entry. Altogether, these data show that IC neurons are active throughout different phases of the task, including the anticipatory phase during playback of the cue.
Pharmacological Inactivation of the IC Decreases Food-Oriented Behavior.
To examine whether neuronal activity in the IC had an effect on feeding behavior, we tested the effects of pharmacological inactivation of the IC on conditioned responses. We performed local infusions of the GABA_A receptor agonist muscimol and the GABA_B receptor agonist baclofen. A mixture of muscimol and baclofen was infused locally and bilaterally in the IC before starting the session. In inactivation sessions, we observed a significant decrease in the number of head entries during the cue period compared with a control saline injection session ( Fig. 3A ; repeated measures one-way ANOVA: F (3,21) = 54.64, P < 1E-4; P < 1E-4 by Bonferroni's multiple comparisons test between drug cue and saline cue). Fig. 3B shows the average time course of head entries before and during the cue. On the day of drug injection, mice showed very little head entry response throughout the cue presentation period compared with the saline session ( Fig. 3B ; repeated measures two-way ANOVA: F (1,14) = 56.32, P < 1E-4; P < 1E-4 for 2-10 s by Bonferroni's multiple comparisons test). One of the potential disadvantages of local drug injection is the possibility of drug diffusion beyond the site of injection. To confirm that the effect we observed in Fig. 3 A and B is due to specific inactivation of the IC, we performed a new series of experiments where the same volume of drug mixture was injected in the adjacent somatosensory cortex. Statistical comparison of head entry activity during the cue period between the control (saline session) and the drug (muscimol/baclofen session) did not reveal significant differences ( Fig. 3C ; repeated measures oneway ANOVA: F (3,21) = 33.34 by Bonferroni's multiple comparisons test; cue-control vs. cue-drug: t = 2.192, P > 0.05). There was also no significant difference in the time course of the port entry behavior ( Fig. 3D ; repeated measures two-way ANOVA: F (1,14) = 0.9189, P > 0.05). Thus, these results indicate that the inhibition of port entry activity during the cue period was caused by silencing neuronal activity in the IC.
Temporal Inactivation of IC Decreases Port Entry Activity During Cue
Presentation Period. To determine whether the role of the IC in mediating conditioned responses was related to the cue-triggered activity, a series of experiments was performed using optogenetic inactivation of the IC, exclusively during the cue presentation. Insular neurons were infected by adeno-associated virus (AAV) carrying either halorhodopsin (eNpHR3.0) with enhanced yellow fluorescent protein (EYFP) or EYFP alone. First, we determined the effectiveness of green laser light (wave length = 532 nm) in silencing transfected IC neurons. Whole-cell patch-clamp recordings in slices showed that neurons in the IC were reliably hyperpolarized by a 1-s-long constant pulse of green light at 10 mW (Fig. 4A, Top) . A similar result was obtained with cell-attached recordings in slices (Fig. 4A, Bottom) . Consistent with this result, extracellular recordings in anesthetized rodents demonstrated a reliable suppression of ongoing firing by 3 s of constant photostimulation at 10 mW (Fig. 4B) . Consistent with other reports (31, 32) , a small increase in firing was occasionally observed at the offset of photostimulation; however, it was short-lasting. Optic fibers were chronically implanted in the IC of transfected mice to manipulate neuronal activity selectively during the cue presentation period (Fig. 4 C and D) . Fig. 4 C and D shows the viral injection sites and the histological verification of positions of optic fibers. Inactivation of the IC in behaving mice relied on a constant single pulse of 11 s at 10 mW. Quantification of the port entry activity during the cue revealed a significant decrease in the halorhodopsin group compared with control animals ( Fig. 5A ; halorhodopsin: 71.13 ± 5.031, control: 97.32 ± 4.066, n = 8 for each group; unpaired t test, P < 0.01). No significant difference was observed in the no-cue period ( Fig. 5B ; halorhodopsin: 88.91 ± 22.81, control: 142.2 ± 20.69, n = 8 for each group; unpaired t test, P > 0.05). In addition, no significant difference in port entry activity was observed for 1 s (paired t test, P > 0.05) or 10 s (paired t test, P > 0.05) after the offset of the light ( Fig. 5C ; 12-25 s). This result suggests that rebound activity has no influence on conditioned responses. Comparison of the time course of port entry activity between the prestimulation session and laser stimulation session in halorhodopsin-expressing animals revealed a significant effect of laser stimulation ( Fig. 5C ; repeated measures of two-way ANOVA: F (1,14) = 13.21, P < 0.01). No effect was observed for laser stimulation in control animals ( Fig. 5D ; repeated measures of two-way ANOVA: F (1,14) = 9.556e-005, P > 0.05). Altogether, these data suggest that neuronal activity in the IC triggered by a reward-predicting cue plays an important role in modulating approach behavior to a food reward.
Discussion
The experiments presented here demonstrate that IC activity in mice is significantly modulated by cues for food anticipation. Furthermore, this study shows that silencing the IC during the cue interferes with food-directed behavior. To investigate the role of the IC in mediating cue-triggered behaviors, we used a Pavlovian conditioning paradigm in which a sensory cue (light and tone) was associated with the delivery of a food pellet. Mice reliably learned the association between the cue and food, as evidenced by the consistent observation of food port entries. Electrophysiological recordings of single units in the IC of mice involved in the paradigm revealed a significant contingent of neurons that were modulated by different phases of the task. Neurons changed their firing rates in response to cues, food delivery, and food consumption. Responses to food delivery and food consumption were expected, because they are consistent with the role in taste processing that is traditionally assigned to the IC in rodents. Indeed, the rodent IC is generally considered to be the site of the primary gustatory cortex across species (19, (33) (34) (35) . Although evidence for responses to anticipatory cues is less in line with classical reports on the function of the IC in rodents, the evidence is entirely consistent with more recent evidence suggesting the involvement of the IC in processing the anticipation of food and reward in general (18, 24, 25) . Analysis of single-unit activity in rats has confirmed the importance of anticipatory cues in shaping neuronal firing. Neurons in the IC can be either excited or inhibited by an auditory cue predicting the availability of tasting solutions (26, 28) . In addition, cues quench the variability of neural responses (26) . Our results confirm and extend this evidence to mice engaged in a Pavlovian task. A difference between this and prior studies in rodents is the reliance of our experiments on longer lasting cues. The use of a 10-slong cue allowed for an accurate and robust assessment of conditioned responses. However, the use of longer cues is likely to have an impact on the dynamics of cue responses. Indeed, in these experiments, cue responses appeared to be smaller than the strong, phasic responses seen in previous reports relying on shorter cues (26) . The presence of cue-related activity in the IC begs the question of its functional role. Can this type of activity, known to be integrated with taste coding (26, 28) , reflect a role of the IC in guiding behavior on the basis of expected outcomes? The IC is a highly interconnected area, and its connections to the ventral striatum and to prefrontal cortices (36-38) make it an ideal candidate to modulate behavioral output directly. Classically, the function of the IC has been investigated by relying on permanent lesions or reversible pharmacological manipulations (14, 18, 24, 39) . Inactivation of the IC interferes with an animal's ability to retrieve expected outcomes and perform fooddirected behaviors when outcomes are devaluated (40) . Such a functional role of the IC in flexibly guiding behavior was further supported, and extended to nondietary rewards, by experiments showing that inhibition of orexinergic transmission in the IC reduces nicotine self-administration (25) . Lesions and inactivation studies have played a fundamental role in suggesting the importance of the IC in reward-oriented behaviors. However, due to intrinsic limitations of these techniques, it has been difficult to relate the outcome of these experiments to the role of the IC in encoding anticipatory cues. To bypass this technical limitation and directly investigate the behavioral role of cue-related activity in the IC, we took advantage of optogenetics and silenced the IC exclusively during the presentation of the cue. Such a temporally and spatially restricted manipulation resulted in a significant reduction of the conditioned response, providing the first direct evidence, to our knowledge, that IC cue-related activity is necessary for the full expression of conditioned responses to the food-anticipating cue. The behavioral effects observed with optogenetic silencing were smaller than those behavioral effects seen with pharmacological inactivation, likely a consequence of its temporal and spatial selectivity compared with drug infusions. A difference between this and previous studies investigating the role of the IC in mediating associations between cues and outcomes lies in the behavioral task. Whereas previous studies relied on instrumental conditioning, requiring rodents to make associations between action and outcome, the experiments presented here are evaluating stimulus-outcome associations. In the context of instrumentally learned food-oriented actions, lesions and inactivation of the IC have an impact on performance only when animals are required to encode changes in the value of the outcome (i.e., outcome devaluation). When the motivational value of the cue is stable, lesions of the IC have little impact on instrumentally conditioned responses toward food (18) . On the contrary, in the case of classical stimulus-response conditioning, optogenetic silencing during the cue disrupts conditioned responses even in motivationally stable contexts. This task-dependent difference in the effects of IC inactivation might reflect a differential involvement of this area in the two behavioral paradigms. Our results predict a strong role of the IC in expressing classical conditioning. How do the results presented here relate to the large body of literature on the function of the human IC? Our data are entirely consistent with imaging studies, reporting the IC as one of the brain areas that respond to food and reward-predicting cues (27) . The human IC has also been studied for its role in processing interoceptive signals related to hunger, satiety (41) , disgust (42) , cravings (43) , and homeostasis in general (44) . Although more experiments will be needed to understand the significance of our data for each of these processes, the results presented here suggest a profound reconceptualization of the IC. Indeed, the IC should no longer be considered just as a sensor of external and internal information. Instead, it should be viewed as a key driver of behaviors based on motivation and retrieval of learned responses. As such, the IC might represent a previously unidentified target for shaping and adjusting maladaptive behaviors.
Methods
Subjects. Adult male and female C57BL/6J mice (8 wk old at the start of experiments) were used. Mice were housed in a 12:12-h light/dark, reverse-cycled room with unlimited access to food and water. Two days before the start of training, food delivery was restricted to maintain mice at ∼85% of free-feeding weight. Water was available at all times during the food-restricted period in the home cages. All experiments were reviewed and approved by the National Institute on Drug Abuse Institutional Animal Care and Use Committee and by the Institutional Animal Care and Use Committee of Stony Brook University.
Cannula Implantation. Mice were anesthetized with ketamine and xylazine i.p. injected (80 mg/kg, and 20 mg/kg, respectively) and fixed on a stereotaxic device (David Kopf Instruments). The surface of the skull was exposed, and small holes were drilled above the IC (0.26 mm anteroposterior and 3.9 mm mediolateral, relative to bregma). Stainless-steel guide cannulae (26-gauge; Plastics One) were implanted bilaterally through the holes at a depth of 2.8 mm from the bregma. Cannulae were secured in place with dental acrylic, and a stylet was inserted beyond the end of the cannula (0.2-mm extension). The recovery period was set as 1 wk, before starting food restriction and habituation.
Virus Injection and Optic Fiber Implantation in the Insula. To allow maximum gene expression, we performed surgery in 5-wk-old mice. Mice were anesthetized (as above), and a hole was drilled in the skull just above the IC. A 29-gauge stainless-steel cannula was lowered to the depth of 3.8 mm relative to the bregma, and 0.5 μL of either AAV1-alpha-calcium/calmodulin-dependent protein kinase II promoter (CaMKIIα)-eNpHR3.0-EYFP (n = 8) or AAV1-CaMKIIα-EYFP (n = 8) (National Institute on Drug Abuse Intramural Research Program Optogenetics and Transgenic Technology Core) was infused into the target site at 0.1 μL·min −1 . Five minutes after viral infusion, the cannula was removed and a custom-made implantable optic fiber [4-mm length below ferrule, 200-μm core multimode (Thorlabs), 1.25 mm-outside diameter ceramic zirconia ferrule (Precision Fiber Products)] was lowered into place 0.3 mm above the site of injection and secured with dental acrylic. All mice were allowed to recover for at least 2 wk after surgery and were started on food restriction and training 4 wk after surgery.
Electrode Implantation. Mice were anesthetized using an i.p.-injected ketamine/ xylazine mixture (100 mg/kg and 10 mg/kg, respectively) with supplemental doses (30% of induction dose) to maintain surgical levels of anesthesia. After placing mice in a stereotaxic device, the scalp was sterilized with 0.1% iodine and excised to reveal the skull. Holes were drilled for anchoring screws and electrode bundles. Microdrivable electrode bundles, consisting of 16 or eight 25-μm formvar-coated nichrome microwires, were inserted dorsal to the IC in one or both hemispheres. All implants were cemented to the skull with dental acrylic. Mice were allowed 7-10 d of recovery before beginning behavioral training. Proper placement of electrodes was histologically verified using standard procedures.
Behavioral Training. Training took place in an operant chamber (ENV-307W; 8.5 inches long × 7.0 inches wide × 5.0 inches high; Med Associates, Inc.) housed within a light-resistant and sound-attenuating cubicle. The chamber was equipped with a food magazine that received 20-mg pellets (5TUL; Test Diet) from a pellet dispenser, and it had a house light and two sound speakers on the wall opposite the magazine. Computers running the Med-PC-IV program (Med Associates, Inc.) were used to control the chambers and record behavior. After a recovery period from surgery, mice were trained to get food pellets from the food magazine. Fifteen food pellets were delivered randomly over 30 min for 2 d (habituation sessions). On subsequent days, mice underwent Pavlovian conditioning. The combination of tone and house light cues [conditioned stimulus (CS)] was paired with delivery of a 20-mg food pellet [unconditioned stimulus (US)]. The association learning task was adapted from a task described before (45) . Each training session began with a 45-to 75-s ITI. After the interval period, the CS was turned on for 11 s. A pellet was delivered following 10 s of the CS onset. Mice were allowed to access the food magazine freely, and both the number and timing of head entry to the magazine were recorded. After 11 s of the CS presentation, the ITI was started and the trial was repeated 25 times in each session. Each session lasted for 30 min, and the sessions were continued until the mice showed a stable head entry response. Learning was assessed by comparing anticipatory head entries to the food magazine during the CS and the ITI. Head entry rate was obtained by dividing the number of head entries during each period by time and was converted to rate per minute. For experiments using local drug infusion in the IC, mice were injected with 0.3 μL of muscimol/ baclofen solution (0.05 μg/μL and 0.02 μg/μL, respectively) or saline at a rate of 0.1 μL·min . Drugs were infused on alternating days through a 33-gauge stainless-steel cannula that was inserted in the chronic guide cannula and protruded 1 mm below the tip. Five minutes after infusion, the injection cannula was removed, and the mice were allowed to recover in their home cage for 15 min before starting the session.
Optogenetic Stimulation. For all optogenetic experiments, either eNpHR3.0 with EYFP or EYFP-tagged viral vector under control of the CaMKIIα promoter was used. These viruses provide eNpHR3.0 (or EYFP) expression that is highly specific to pyramidal cells in a cortical structure (46) . Mice started behavioral training with optical cables connected on their head cap with a sleeve (Precision Fiber Products). The fiber was connected to a 532-nm laser (OEM Laser) located outside the operant chamber. The laser was controlled with Master-9 (AMPI) and Med-PC-IV. Animals performed the same task described above, but the laser was activated for 11 s of each cue presentation period. We used a single laser pulse, which lasted for the entire duration of the cue period. Before testing, the final output of the laser was adjusted to 10 mW. According to the literature (47) and our laboratory's prior experience (48) , this level of output, combined with the characteristics of the fiber used, guarantees a conical spread that can reach a depth of 1 mm from the tip of the fiber.
In Vitro Electrophysiology. For whole-cell recording, 250-μm coronal slices were cut from virus-injected mice (n = 2). We waited at least 4 wk after virus injection before starting the slice recording experiments. Brains were quickly removed and placed into ice-cold solution bubbled with 95% O 2 and 5% (vol/vol) CO 2 containing the following: 75 mM sucrose, 55 mM NaCl, 2.5 mM KCl, 1.25 mM NaH 2 PO 4 , 10 mM MgSO 4 , 0.5 mM CaCl 2 , 26 mM NaHCO 3 , and 25 mM glucose. After 5 min, brains were blocked and coronal slices were taken. During the recovery period, slices were placed at 35°C with oxygenated artificial cerebrospinal fluid (aCSF) solution containing the following: 125 mM NaCl, 2.5 mM KCl, 1.25 mM NaH 2 PO 4 , 1.0 mM MgCl 2 , 2.4 mM CaCl 2 , 26 mM NaHCO 3 , and 11 mM glucose. All recordings were made under continuous perfusion of aCSF at 32°C with a flow rate of 2 mL·min Behavioral Electrophysiology. Recordings from all microwires were amplified, band pass-filtered at 300-8,000 Hz, and digitized (Plexon). Single-neuron
